Objective: The main objective of this proposal is to develop fundamental understanding of the role of grain boundaries in stable oxide growth. To understand the process of oxide layer destabilization, it is necessary to observe the early stages of corrosion. During conventional studies in which a sample is exposed and examined after removal from the autoclave, the destabilization process will normally have already taken place, and is only examined post facto. To capture the instants of oxide destabilization, it is necessary to observe it in-situ; however significant question always arise as to the influence of the corrosion geometry and conditions on the corrosion process. Thus a combination of post facto examinations and in-situ studies is proposed, which also combines state-of-the-art characterization techniques to derive a complete understanding of the destabilization process and the role of grain boundaries.
Site Specific In Situ TEM
To understand the role of interfacial structure in the corrosion, we have begun investigating methods for analyzing specific interfaces using in situ TEM. These experiments are outlined below.
Development of In Situ Stage
Preliminary design and testing was done to develop an in situ stage that will accommodate the experiments that we proposed for to achieve the goals outlined in our research. The progress of the implementation of such instrumentation is outlined below.
Initial Testing of E-Chip Design and Feasibility
The stage was designed PI Taheri in conjunction with Protochips (Raleigh, NC), and a three-phase plan was outlined.
Design of Drexel In Situ Holder
Per the 3-phased development plan outlined in the previous quarterly reports, Phase 1 has been completed. To review, details of the phase 1 holder are listed below.
Phase 1:
 Single tilt holder with 2 electrical contacts  Tank---based manifold for non---flow pressure control  Bubbler to introduce water saturated air  Protochips Aduro III controller (both software and electrical control unit)  Window and Heater E-chip devices Implementation of Phase 1 has been completed (as of January 2013), and construction of the in situ TEM holder has begun. The "bubbler" design has been replaced with an atomizing nozzle design from a separate carrier line. This line will maintain its own flow, while the gas lines will enter the holder's viewing/reaction cell area in a different location, which maintains integrity of the carrier line materials. Ni-based alloys and low-carbon stainless steels were used after careful analysis of corrosion potential. Additionally, the cell will be capable of holding atmospheric pressure, based on the new design. After the holder was delivered and tested at Drexel, it was determined that a zeolite or similar material would be added to the bubbler line to be able to monitor relative humidity going into the holder from the bubbler. Phase 2 and Beyond/Future Expectations for Development: Initially, for phase two, it was planned to upgrade to a full MFC--based gas manifold, as we do not have mass flow control on the current system. However, based on experience with other stages similar to the environmental cell, and based on our experience, it was decided that an MFC-based system would add huge complexity, with little gain in system versatility. Instead, an upgrade to the holder that allows for EDS compatibility was selected, which utilizes a change in top plate materials and design to allow for EDS during in-situ experiments. Also, in concurrent development is a new chip design for the environmental holder that will allow for the biasing of electronic devices and materials in severe environments. Stage development and finalization: Work is starting for quantification of the humidity in the environmental cell in preparation for running oxidation experiments in humid environments. The material selected for these initial studies is soot, as soot collects and forms chains of small particles that when exposed to high humidity environments collapse and densify. In addition, humidity sensitive salts, including sodium chloride, potassium sulfate and potassium chloride, have been selected to use for use in humidity testing based on literature. Sample preparation methods are being developed, and initial characterization is underway. Working with Protochips, the current environmental TEM holder will be updated, with changes made to the top plate of the holder for EDS compatibility, in addition, the number of leads into the holder will be changed from two to four for better temperature control in conjunction with the new controller software. In addition, the increased number of leads will allow for additional options for biasing of devices under atmospheric conditions.
Characterization of Candidate Materials for In Situ TEM

Characterization of Zircaloy-4:
Work on this project started with the characterization of the as received oxidized Zircaloy-4 material. Bright field TEM, along with dark field and selected area diffraction were used, as shown in figure 1. This initial characterization was done using focused ion beam prepared samples from bulk material. These images will be used to compare corrosion at specific grain boundaries and in small areas of microstructures in as-received Zircaloy-4 sent to Drexel by co-PI Motta.
Figure 1: TEM brightfield/darkfield pairs (with corresponding diffraction), and high-resolution image (with corresponding diffraction) of oxide layers in as-corroded Zircaloy-4.
Initial characterization of the non-oxidized Zircaloy-4 was conducted on electropolished samples from bulk to give the best picture of the as received material with multiple microstructural features present in each sample. The electrolyte for this polish was 10% perchloric acid in methanol, chilled to -38°C.
Development of In-situ TEM sample preparation technique:
Following initial characterization, development of site-specific FIB preparation suitable for compatibility with the environmental cell holder E-chips was started. This process took longer than expected, as conventional methods of sample preparation using in-situ manipulation techniques proved to be unsuccessful. A variety of geometries were tried for placing the sample on the E-chip sample support. After many unsuccessful attempts, it was concluded that in-situ manipulation of the FIB sample to the E-chip was not suitable, as it could not be performed reliably without breaking the E-chip membrane or losing the FIB sample when it broke loose from the omniprobe. At this point, other options were being explored for sample positioning. In figure 2, many FIB samples that have been prepared for lift out can be seen, along with the unique behavior that results when cutting the samples free in the trench. These samples were prepared to test the idea of using ex-situ lift out to place samples on the E-chip. Out of these lift-outs, three were successfully transferred to E-chips using an ex situ lift-out tool by an operator unfamiliar with working with E-chips. Unfortunately, two of these samples were lost since they were not attached to the chips using electron beam deposition in the FIB. This learning experience meant that all future samples prepared using ex situ lift-out will be placed in the FIB to weld the samples to the E-chips. It also resulted in the purchase and installation of an ex-situ lift out station at Drexel. This purchase enabled the project to move forward, as it solved the problem is placing FIB prepared samples onto the E-chips, as once the used is familiar with both the FIB sample and the E-chip design and limitations the success rate for placing samples is near 75%. In addition, as will be discussed later, this tool opened up the opportunity to cross-section the FIB samples following oxidation so that additional information could be gained from the samples.
2.2.3: Initial In-situ Oxidation Experiments:
Following the development of a suitable technique for preparing samples on the E-chips, oxidation experiments began, with the first step being the refinement of the oxidation parameters, as the parameters used for a thin TEM sample were expected to be significantly different from a bulk sample. The first experiment run on a Zircaloy-4 sample appeared to showed no oxidation of the Zry-4 in a static 20% oxygen environment in temperatures ranging from 360°C up to 450°C. Based on the results of that in-situ corrosion experiment, a successful experiment was conducted in an atmosphere of 50% oxygen at a temperature of 800°C. Figure 3 shows the initial condition of the sample used for this experiment.
Figure 3: Beginning of in-situ oxidation experiment in Zry-4
For this experiment, the sample was heated for 40 minutes in the given environment. Initial expectations were for larger scale corrosion to occur, so relatively low magnification was used to monitor the experiment. Figure 4 shows TEM images taken during the oxidation process, at times of 10 minutes and 30 minutes. After 40 minutes at 800°C with little visible change being seen in the sample, higher magnification was used to better examine the sample. As seen in Figure 5 , significant changes had occurred which were not observed at the lower magnification. These images show what appears to be oxidation of the sample. Later analysis utilizing the Nanomegas precession diffraction system identified this phase as mostly monoclinic ZrO 2 as is seen in figure 6 . This lead to a change in imaging conditions, with future in-situ experiments will be undertaken at higher magnification due to the size of the features found after this experiment. Figure 5 : Higher magnification images of the Zry-4 sample following 40 minutes at 800°C taken from multiple locations.
Following this success, the samples used in the successful in-situ experiment were also studied using the Nanomegas system. As can been seen in Figure 6 , the majority of the sample consists of monoclinic ZrO 2 following the in-situ oxidation experiment. At this point, it was determined that the best option for characterizing these samples following oxidation was to remove the sample from the E-chip, which would remove the background noise from the SiN window, so that higher resolution imaging could be achieved.
Figure 6: TEM image (on left) showing the region over which the Nanomegas scan was taken to create the phase map (on right).
Following the successful use of precession diffraction to determine phases in the post-oxidation in-situ sample, work continued on how to use this technique on samples already on E-chips for pre-oxidation characterization.
The solution was that gas line plugs for the in-situ holder were acquired, which allow for use of a single window instead of a two windows in the in-situ holder. This has made it possible to use the Nanomegas system at Drexel for phase mapping prior to the experiment, as well as post experiment with the sample remaining on the E-chip. Figure 7 shows a TEM image for a pristine sample on the left showing a grain boundary, a phase map for the image area, and on the right is a misorientation map. In the phase map, red indicates HCP Zr, Blue indicates tetragonal ZrO 2 , and Green indicates monoclinic ZrO 2 . This pristine sample shows to be entirely HCP Zr, with a grain boundary having a disorientation of ~22°.
Figure 7: Bright field TEM image (on left)
showing the approximate area (red box) from which the phase map (center) and orientation map (right) were generated using Nanomegas.
In addition, Nanomegas is being used to characterize both in-situ and ex-situ corroded samples. Figure 8 shows a comparison of the bright field TEM images and phase maps for these two samples. The top two images show the in-situ sample, TEM image on the left, phase map on the right. The lower two images are from the ex-situ autoclave corroded sample, with TEM image on the left, phase map on the right. For both samples, the same key as in Figure 7 applies, red is HCP Zr, green monoclinic ZrO 2 , and blue tetragonal ZrO 2 . From these phase maps, it is easy to see that the phases present in the in-situ sample correlate very well with the phases present in the exsitu sample. 
Development of a Cross-sectioning Technique for FIB prepared Samples and Oxidation Parameter Refinement:
At this point, all the information gathered pointed toward the need to further refine the parameters for in-situ TEM experiments. To this end, in-situ TEM experiments continued, with the precession diffraction being used to map both phases and boundaries in the sample prior to the experiment and immediately following the experiments to try and determine ideal oxidation parameters. However, at this point there was still a lack of information in the Z direction of the sample, meaning that oxidation depth could not be determined, nor could it be determined if grain structure was equiaxed or columnar since the growth direction was parallel to the electron beam in the TEM. The needs for this depth and grain structure information lead to the development of a technique to make a crosssectional sample from the in-situ sample. Initially, this technique was developed using a titanium sample from a rapid heating experiment so as not to waste a valuable in-situ sample. Figure 9 shows an overview TEM image of the layers in the completed sample (left) and a higher magnification image showing the appearance of the resulting film area. This allows for phase maps showing the depth of the oxide formation in the in-situ sample. Figure 10 shows a TEM image on the left from the area the phase map on the right was produced. As can be seen, this sample has been oxidized through thickness, with both tetragonal and monoclinic ZrO 2 having formed in the sample. Due to this development, the in-situ experiment parameters will be changed, so that the oxidation process will be stopped sooner, in hopes of not having through thickness oxidation.
Figure 10: TEM image of the cross section from an in-situ sample and the corresponding phase map showing through thickness oxidation of the in-situ TEM sample
In parallel with this work, many other experiments have been conducted to test the environmental holder, including oxidation experiments in 2D Ti 3 C 2 to from TiO 2 , which resulted in a paper published by Journal of Materials Chemistry A, and some initial tests on heating of liquid-based samples to precipitate carbides. After the development of a technique to make cross sectional samples from the in-situ FIB samples, much time was been devoted to refining the experimental parameters for the in-situ experiments to prevent through thickness oxidation. This process is being conducted by running an in-situ experiment, then after final characterization, cross sectioning the FIB sample and using Nanomegas to create phase maps to determine the oxide layer thickness on the sample. Figure 11 shows the initial plan view phase map, followed by the phase map generated after the in-situ experiment in plan view as well. After the experiment seen in figure 11 , the sample is cross-sectioned so that oxide thickness can be observed. Figure 12 shows the phase maps from two different areas of the cross-sectioned sample along with the corresponding TEM images. It can be seen that both the oxide thickness and the oxide structure varies across the sample. This may be a result of different grain orientations in the sample. These results showed that it is possible to refine experiment parameters to reduce through thickness oxidation, however based on phase mapping it appears that further refinement is needed for best results on initial stage behavior.
Effect of Grain Boundaries on Oxidation Behavior:
At this point, work on boundary effects on the oxidation behavior of Zircaloy-4 is starting. Figure 13 shows example images from a pristine FIB prepared sample for these oxidation experiments. This sample contains multiple clear boundaries of varying type, as is seen in the orientation maps, with the entire phase map showing pure HCP zirconium..
Figure 13: Bright field TEM image with corresponding phase and orientation maps resulting from precession diffraction scans showing multiple grains present in a FIB sample.
These samples will be oxidized in-situ, and then effect of boundaries on the oxidation behavior of the sample is being studied, however at this point work shifted for focus on pure zirconium to provide a better model system as it had been shown that oxidation behavior between autoclave and in-situ TEM were similar in the more complex case. A paper on the successful replication of autoclave oxidation via in-situ TEM was accepted to the Journal of Nuclear Materials. This work shows that in-situ TEM can be used to effectively oxidize a FIB prepared sample while observing the sample, and that the oxidation process closely resembles the oxidation behavior as seen in the autoclave.
Pure Zirconium samples in both the pristine and autoclave-oxidized condition provided by PSU. Initial characterization is ongoing on these samples. Figure 14 shows example images from a pristine FIB prepared pure Zr sample for in-situ oxidation experiments. Does not appear to have a boundary in the field of view, as is seen in the orientation maps, however the entire phase map showing pure HCP zirconium. In a similar process to that used for the Zry-4 samples, these samples are then being oxidized in-situ, and the conditions for in-situ oxidation of pure Zr versus Zry-4 were being studied. It was found that, as expected, the oxidation of pure Zr is much quicker than for Zry-4, and oxidation conditions were adjusted by lowering the exposure time to account for this difference. In addition, as discussed later, humid environment development for the TEM holder is underway, and comparisons between dry gas and humid environments will soon be conducted. Following this, work on boundary effects will continue using the pure Zr samples to remove alloying element effects from the oxidation behavior. In addition, after the installation of a new TEM at Drexel that will allow access to both energy filtered TEM and high angle annular dark field techniques, boundary effects should be easier to discern as these techniques should allow for improved contrast between base metal and oxide during the in-situ experiment.
Study of Stress-stabilization of Tetragonal ZrO 2 in FIB-prepared Samples:
With the arrival of the autoclave-oxidized pure Zr, it was decided that based upon the differences in results between plan view and cross sectional precession diffraction following in-situ experiments, a short study on the stress stability of tetragonal versus monoclinic ZrO 2 in thin TEM foils should be undertaken. Specifically, there is concern that when a FIB prepared sample is thinned beyond a critical point, all the tetragonal ZrO 2 will relax into monoclinic ZrO 2 . To study this, a FIB prepared sample with multiple thicknesses is being prepared to look for changes in phases present. A schematic showing the sample appearance is shown in figure 15 . Precession diffraction was used to determine the phases present in the various thicknesses of the autoclaveoxidized sample. The initial results of this study, shown in figure 16 , illustrate that there does appear to be a thickness at which the tetragonal ZrO 2 phase is no longer stabilized in the TEM sample. In the thinnest region of the sample, there appears to be almost no tetragonal ZrO 2 while in the next thickest step there is a significant amount of tetragonal present in the sample. The thickness difference in these two areas of the sample still needs to be quantified, and this will be done once the installation of Drexel's EELS capability is complete. Multiple samples have shown similar behavior in this regard, and are awaiting EELS to quantify thickness variation between each step. In addition, a collaboration with Simon Phillpot's research group at University of Florida to correlate TEM results for stress stability of tetragonal ZrO 2 with DFT has started. 
Development of High Humidity Environments for In-situ Holder:
Work is ongoing for quantification of the humidity in the environmental cell in preparation for running oxidation experiments in humid environments. The material selected for these initial studies is soot, as soot collects and forms chains of small particles that when exposed to high humidity environments collapse and densify. Figure 17 shows some examples of these particles in the uncollapsed state. Hydroscopic salts are also being investigated as another possible material to use for studying humidity effects, due to both repeatable cycling of the salt, and significant size changes when critical humidity levels are reached. Work to develop a suitable system for introduction of humid atmospheres into the environmental holder continue, and initial testing has commenced. These initial tests have shown that better control over the humidity levels coming into the holder needs to be achieved, as currently overshooting the desired humidity levels is a problem. However, initial results for salt experiments are promising that high levels of humidity are reaching the sample area of the holder. One corrosion test was done on a pure Zr sample, and it was found to be much more aggressive than a dry gas environment, with oxidation starting prior to an increase in temperature.
Conclusions:
An in-situ TEM technique has been developed that allows for the study of the first stages of corrosion behavior in real time at high resolution. Sample preparation for this technique has been mastered, and a wide variety of environments can be simulated, most recently a wet air environment has been developed. In addition, modifications have been made to make the TEM sample holder compatible with precession diffraction, allowing for phase and orientation information from the sample to be easily accessed. By using this technique, it has been found that behavior similar to autoclave oxidation can be seen in-situ in the TEM if full sample oxidation occurs, including both phases present in the oxide, oxide structure, and cracking behavior. At shorter times, it is possible to observe the initial oxidation processes, and to determine where oxidation first occurs. This allows for the determination of the effect of microstructural features such as grain boundaries and secondary phase precipitates.
Introduction
Zr-based alloys are widely used as cladding materials in nuclear power plants because they are essentially transparent to neutron. They also show adequate mechanical behavior and reasonable corrosion resistance in common media. However in the high temperature aqueous environment in a power reactor (300-400ºC at around 15 MPa), waterside corrosion remains the limiting factor of the lifetime of fuel components. Since economic factors have driven the operation of nuclear power plants to higher coolant temperatures, longer operating cycles, and longer in-reactor residence times, waterside corrosion has become a critical safety issue. Alloys with greater corrosion resistance are required to ensure plant reliability for extended times at these hasher conditions [1] .
The rate of oxidation of any material is usually evaluated by measuring the increase in weight due to oxygen incorporation as a function of exposure time. For most Zr alloys, the corrosion rate evolves during the corrosion process; it decreases over time as the oxide scale forming on the surface creates a layer protecting the underlying metal from further oxidation. At some point in time, a transition, called breakaway transition, occurs, which is accompanied by a sudden increase in corrosion rate and the loss of oxide protective nature. Depending on the alloying elements, different Zr alloys can exhibit huge differences in oxidation kinetics, as illustrated in Figure 1 . Zircaloy-4, a commercial alloy, shows oxide growth behavior with well-defined periodic transitions. The oxide formed on pure Zr loses protectiveness right away, while that formed on alloy Zr-Fe-Cr, (an alloy created by arc melting small amounts of Fe and Cr with Zr), show protective behavior for the whole duration of the test.
What makes this plot particularly puzzling is that the differences in amounts of alloying elements between these alloys are very small, yet their behaviors run the gamut from totally protective to immediately non-protective.
Work scope
To address these differences and potential reasons for the different behaviors, the work at the U. of Michigan was divided into 3 tasks:
Materials and Methods
The alloys studied were crystal bar Zr, Zircaloy-4, and Zr-0.4Fe-0.2Cr. The nominal chemical compositions of the alloys were measured by vacuum hot extraction and are given in Table 1 . Coupons of these alloys were autoclave corroded in 360°C water following ASTM Practice (G2-88) as part of a previous research project [2, 3] . The corrosion behavior was evaluated by measuring the weight gain versus exposure time curve, as shown in Figure 2 . This is possible because the oxide is adherent, does not dissolve, and almost all the oxygen is used to form oxide so that there is very good correspondence between weight gain and oxide thickness such that Column 3 is obtained by diving the weight gain by the factor 14.5. The alloy samples used in this work are listed in Table 2 . All of the three samples examined in this study were in the protective regime.
Quantitative measurements and descriptions of solute element distributions can be extremely difficult by traditional experimental techniques. We use atom probe tomography (APT) in combination with transmission electron microscopy (TEM), scanning electron microscopy (SEM), and electron backscattered diffraction (EBSD). Cross-sectional samples were cut from the oxidized coupons, glued on a metallic support using crystal bond, and ground on 1200 grit SiC paper on both cross sectional sides. One side of the sample was polished using successively finer polishing cloth to 0.5μm diamond. The needle-shaped samples for atom probe tomography were prepared using a focused ion beam (FIB)-based lift-out method, which allowed to selectively extract volumes which contained metal/oxide interfaces. APT samples with different orientations of interfaces (either parallel or perpendicular to the needle axis) were fabricated to better investigate both the interface region and the oxygen ingress into metal (Figure 2 ). Pt was deposited as a protective layer and the standard lift-out procedure [4] was applied. A final 2kV clean-up procedure was utilized to remove any remaining Pt and to minimize the Ga damaged region.
The lift-out samples were analyzed using a CAMECA LEAP-4000XHR operated in a laser pulsing mode with 200 kHz pulse repetition rate and 70-100 pJ laser energy. The temperature of the specimens was maintained at 50 K while the standing voltage was varied automatically to maintain a detection rate of 0.005 ion/pulse. The collected data was reconstructed and analyzed using the IVAS reconstruction software (need reference). The default value of the image compression factor (3.3) and the evaporation field of Zr (28V/nm [5] ) were selected for reconstruction. The composition measurement was done separately for each phase and a peak decomposition technique was used to deconvolute the Zr 3+ peak from the O 2 + peaks, which overlap at 32 mass-to-charge ratio.
All the following composition results derived from APT are given in atomic percent. No Fe was detected in this volumenote that the detection limit for Fe was about 0.002 at. % (12 wt ppm). Concentration measurements from the APT datasets matched the Zr and Cr concentrations measured using hot vacuum extraction as shown in Table 1 . Small amounts of C, O and Al were also detected. The low Fe concentration measured in the matrix is reasonable. The alloy is in a recrystallized state with a final heat-treatment temperature corresponding to an extremely low solubility of Fe in Zr. The reported maximum solubility of Fe in α-Zr is 120 wt ppm (0.02 at. %) at 800 ºC and less than 50 wt ppm at temperatures lower than 300ºC. Fe is found to be segregated to grain boundaries, as illustrated in Figure 3 . Segregation of the other elements (Cr, C, O and Al) is not observed on the grain boundaries. Cr is a slower moving diffuser in Zr than Fe so the result is not surprising. It is expected that if APT were to be performed over a representative volume of the microstructure containing regions of high iron concentration the values would match. 
Zircaloy-4
Zircaloy-4 contains Sn, Fe and Cr as major alloying elements. Sn is found in solid solution and Fe and Cr mostly in intermetallic precipitates of the type Zr(Cr,Fe) 2 . The matrix Sn concentration was measured from the bulk of the metal far away from the oxide, and calculated from a dataset without grain boundaries and clusters ( Table 1) . The Fe and Cr matrix concentrations determined by APT were close to the reported solubility limits (0.04 at. % for Cr at 860ºC and 0.02 at % for Fe at 800ºC), which are much lower than the bulk alloy concentration, since essentially all Fe and Cr are in precipitates. The Sn concentration was in the range of expected value. The average spacing between precipitates (usually 0.1-0.3μm in size) in recrystallized Zircaloy-4 is greater than 1μm, so their capture in the APT specimens is unlikely. However, some small clusters (~ 5 nm diameter), which would normally be invisible in TEM are occasionally seen by APT, as shown in Figure 4(a) . The apparent composition of these clusters is obtained from a proxigram analysis based and is 89.3±1.9% Zr, 4.8±1.3% Fe, 5.9±0.7%Cr. However, these numbers are affected by ion trajectory aberrations from the difference in evaporation fields between matrix and clusters, as evidenced by the apparent higher density of ions observed at the position of the clusters. Fe and Sn segregation was observed at grain boundaries (Figure 4(b) ). A line profile of concentration through the grain boundary in Figure 4(c) shows noticeable segregation of Fe (up to 1.5% or a enrichment factor of 5 relative to the alloy bulk and much higher relative to the Fe content in the matrix (Figure 4(c) ). A much less marked segregation of Sn can also be discerned in the same figure. No Cr segregation of other elements was seen on the grain boundary. The results slightly differ from with Hudson et al. [6] , where no Sn were observed on grain boundaries of ZIRLO alloy. It also differed from a more recent APT study [7] on Zr-Cr binary alloys in which Cr segregation at grain boundaries was observed. The differences in alloying element distribution are attributed to different alloy composition and processing history.
Zr-Fe-Cr
As shown in Table 1 
Summary
The observed alloying element distributions in the bulk of the alloys are consistent with what was known from previous TEM observations and other techniques, with the additional precision of the observation of Fe segregation to lattice defects such as grain boundaries and dislocations and the presence of Fe and Cr rich nano-precipitates. Comparable Fe segregation levels are observed along the grain boundaries of crystal bar and Zr-Fe-Cr.
Structure of growing oxide scales on Zr alloys
APT specimens were prepared from the oxide and oxide-metal interface regions in the three alloy samples. ZrO 2 formed as a result of the reaction appears as the oxide layer. A series of oxygen-containing sub-oxide phases are observed for all three alloys. These phases are in order from the oxide metal interface:
(i) the equiatomic suboxide ZrO (both slightly sub and superstoichiometric, denoted here ZrO 1+x and ZrO 1-x ), (ii) a saturated solution of constant oxygen content at about 30% O, dubbed Zr(O) sat , and (iii) an undersaturated solid solution of O in Zr, the oxygen content of which decreases with distance from the oxide-metal interface.
As stated above, the field evaporation behavior of these phases is drastically different, resulting in characteristic ions being evaporated from each phase. As a result, the phases can be identified both by atomic concentrations and by the nature of the ionic species evaporating from each phase. The latter method was also used to visualize the distribution of phases within needles. For example, it was found in the present study that oxygen was evaporated as O + 
Crystal bar Zr
A representative APT dataset from a needle prepared containing the oxide-metal interface of a crystal bar Zr sample exposed for 7 days to the autoclave environment is shown in Figure 7 . A line profile was obtained by integrating the contents of a "tube" perpendicular to the interface, as indicated by the arrow. The resulting oxygen concentration profile taken along the reconstruction axis, shows the composition of the top oxide layer is consistent with that of The ZrO phase in this sample is not a continuous layer. Along the ZrO/Zr(O) sat interface, small ZrO plates nucleate and align themselves parallel with each other (Figure 8 ). 
Zircaloy-4
The examination of a needle taken from the oxide-metal interface of Zircaloy-4 exposed to 60 days to the autoclave environment shows a similar oxide sequence as that seen in crystal bar Zr, but with thicker intermediate layers of ZrO and Zr(O) sat . One dataset with interface perpendicular to the tip axis (vertical) and two reconstructed datasets with the interface oriented parallel to the tip axis (horizontal) are given in Figure 9(a) . The ZrO layer is about 50 to 100nm thick, and the Zr(O)sat about 100 to 150nm thick. More detailed examination shows that the ZrO layer actually consists of two layers with slightly different compositions, slightly above and slightly below stoichiometry. As seen in Figure 9(a) , in this sample also the region represented by ZrO 1+x (in yellow) has a composition slightly rich in O while the region denoted ZrO 1-x (in white) is slightly deficient in O. (Figure 10(a) ). The Zr(O)sat layer is generally thicker (150-200 nm wide). However variations of the thickness of this layer were observed, indicating that this layer is not continuous along the oxide/metal interface. At transition, the ZrO layer has largely disappeared (Figure 10(b) ). This difference in the presence of ZrO phase is likely related to the rate of advance of the oxide front. When the rate of advance is high, any fingers of ZrO which serve as precursors of a Zr(O)satZrO transformation are quickly consumed by the advancing front, so that right after transition the fingers are not observed. 
Zr-Fe-Cr
The same sequence of suboxide and oxide phases seen in crystal bar Zr and Zircaloy-4 is observed in the Zr-Fe-Cr alloy but the phase morphologies evolve differently over time. In the initial stage of oxidation (Figure 11(a) ), the ZrO phase is not present everywhere between the ZrO 2 and Zr(O)sat phases. Small ZrO plates nucleate at ZrO 2 /Zr(O)sat interface, aligning themselves parallel with each other. The ZrO plates then grow to form a continuous layer (Figure 11(b) ), which grows thicker over time (Figure 11(c) ). 
Field evaporation behavior of the ZrO layer
As observed by APT, the ZrO phase consists of two layers that are either slightly sub-or super-stoichiometric, denoted ZrO 1-x and ZrO 1+x (Figure 12(c) ). The ZrO 1+x phase is very thin in most cases (<20nm). The interface between ZrO 1+x and ZrO 1-x always follows the morphology of the ZrO 2 /ZrO 1+x interface. Observing an oxide phase with a slightly lower O concentration than expected such as ZrO 1-x is common in APT analyses, the reason being the lower efficiency of the technique to O ions. Observing a super stoichiometric oxide (ZrO 1+x ) is more surprising. The morphology of this phase suggests that it could be an artifact resulting from the application of an electric field. The field present in the insulator leads to O migration to interface and reaction of the O ions with the conductive layer. A definite evidence for such an artifact comes from the absence of a ZrO 1+x layer when the APT samples are prepared "upside down" so that the metallic layer (ZrO) sits on top of the oxide ZrO 2 as illustrated with specimen 3 in Figure  12(d)-(e) . We note that we experienced considerable difficulty analyzing such samples due to the easy fracture of these specimens. Having demonstrated that such ZrO 1+x layer is an artifact in some cases, we do not completely exclude that such layer may exist in some location.
Figure 12:
Dependence of the ZrO 1+x layer on the APT specimen geometry.
Summary
Oxide formation in the three alloys showed some similarities. All oxide layers examined showed precursor phases of various oxygen contents. The sequence of phases observed from the oxide water interface to the metal was the same in all alloys, starting with ZrO 2 (corresponding to the traditional oxide layer, which went from the oxide water interface to the oxide metal interface), followed by a sequence of suboxide phases in order: (i) the equiatomic ZrO phase (observed as both ZrO 1+x and ZrO 1-x .), (ii) a plateau of the saturated solid solution Zr(O) sat , (iii) a slowly decreasing oxygen profile, with some hints of specific phases
The slight difference in O concentration could be a field evaporation artifact during APT data collection, but we do not completely exclude that such layer may exist in some location. The present results are in broad agreement with the electron energy loss spectrometry (EELS) measurement [8] and recent first-principle calculation [9] .
While the sequence of phases is similar in the three alloys, the layer thicknesses are quite different from one alloy to another and from one stage of the corrosion process to another. In general, the lower the corrosion rate (derivative of the weight gain curve) at the point where the sample was collected, the thicker the suboxide layer, or alternatively, the more oxygen can diffuse ahead of the oxide. This may be interpreted by considering that the ZrO 2 scale consumes the suboxide layers as it advances, therefore the faster the oxide growth, the thinner the suboxide scale.
The observations of the early stages of corrosion also suggest that while Zr(O) sat readily forms due to the ordering transformation from the solid solution of O in hcp Zr, the formation of the ZrO phase at the interface between the ZrO 2 scale and the suboxide Zr(O) sat may be nucleation limited.
Solute distributions near the oxide scale
The distribution of other alloying elements in the metal region next to the oxide, (where significant oxygen diffusion has occurred) is different from that in the bulk of the material. This is reasonable since the phase equilibria should be altered by the presence of oxygen. These results are summarized in this section.
Crystal bar Zr
Within the oxide and suboxide regions, Fe is found to segregate to the interface between ZrO 2 and ZrO and to grain boundaries in Zr(O) sat and the solid solution region (Figure 11(a) ). Fe segregation to linear features, possibly dislocations, are observed the region near the oxide metal interface (Figure 11(c) ). Fe is also found to form clusters on planar features within ZrO 2 (Figure 11(c) ), possibly as a result of Fe segregation to oxide grain boundaries. Interestingly enough, the Fe segregation on grain boundary extends from metal to the oxide (Figure 11(d) ). The continuity of Fe segregation is also observed by Sundell et al. [10] in Zircaloy-2 with additional Ni segregation on grain boundaries. 
Zircaloy4
The distribution of alloying elements in the oxygen rich region of the metal is more complicated in Zircaloy-4 than in crystal bar Zr. In the Zr(O) sat region adjacent to ZrO suboxide, Fe and Cr-rich fine clusters are occasionally observed (Figure 14(a) ), indicating a tendency to Fe rejection from the ZrO suboxide phase. Fe is also found to segregate to linear features, possibly dislocations, formed in the region near the oxide metal interface which has been plastically deformed by the growing oxide (Figure 14(a) ). The nano-sized Fe and Cr rich clusters and Fe decorated dislocations were also reported by Hudson [11] . (Figure 14(b) ) indicating a lamellar like rejection of Sn from the suboxide. Interestingly, Sn also exhibits inhomogeneous distribution within the ZrO 2 oxide layer, to planar type features whose spacing is similar to the measured columnar oxide grain width in these samples, about 30-50 nm, indicating a possible segregation of Sn to oxide grain boundaries. Sn clustering and segregation in the bulk oxide was also reported in a more recent APT study [12] , where Sn clusters were shown to continue growing to form larger metallic particles as the oxidation proceeds. Planar-like segregation of Fe and Sn is also observed beneath the ZrO suboxide layer, indicating possible grain boundary segregation of these elements induced by the oxygen. A slice of the dataset containing grain boundaries is shown in Figure 15(a) , along with a concentration profile. The local concentration of Fe (segregation factor) is quite high, (~ 2.5%) (Figure 15(b) ), to be compared with 0.2% in the alloy and 10s of ppm in the matrix solid solution.
Zr-Fe-Cr
In Zr-Fe-Cr alloy, Fe segregates to Zr(O) sat /ZrO interfaces. Fe is also found to form clusters on planar and linear features within ZrO 2 (Figure 14(b) ), possibly as a result of Fe segregation to oxide grain boundaries and/or dislocations. Grain boundaries showing Fe segregation were also observed in Zr(O) sat phase and the Fe segregated to one of the boundaries is still seen segregated in the ZrO phase (Figure 14(a) ). 
Quantitative Analysis on Grain Boundary Chemistry
It has been hypothesized that differences in grain boundary chemistry (more or less Fe could explain the different stability of oxide layers formed on crystal bar Zr and Zircaloy4. However, as discussed in this section, the Fe grain boundary segregation was similar in the two alloys. Fe segregation was observed at grain boundaries in the Zr(O) sat and Zr(O) phases of pure Zr and ZrFeCr alloy oxidized for 7 days. The segregation levels in this two cases are comparable (Figure 17 ). A detailed quantitative analysis on grain boundary chemistry were conducted for both crystal bar Zr and ZrFeCr, where the Gibbsian excess for each dataset was calculated to evaluate the actual amount of Fe segregation. The Gibbsian interfacial excess Γ s for solute s is defined as [13] :
where the sum is over all of the atoms under consideration, C n is the concentration of the nth atom (i.e. 1 if the nth atom is solute s, and 0 otherwise), C 0 is the concentration of solute s in the matrix and A is area of the grain boundary. The Gibbsian excess value varies from dataset to dataset but shows no significant difference between crystal bar Zr and ZrFeCr as shown in Table 3 . Therefore Fe segregation to the metal grain boundaries alone cannot explain the difference in the oxide stability. . The uncertainty is the standard deviation over the number of analyses indicated in ().The number of grain boundary examined is indicated in <>.
Crystal bar Zr ZrCrFe Zr(O)
3.9 ± 1.9 (5)<3> 2.7 (1) <1> Zr(O)sat 5.7 ± 1.1 (2)<2> 5.7 (1) <1>
Summary
The distribution of alloying elements is modified in the oxygen-rich region of the metal next to the oxide front. Segregation and clustering of Fe and Sn are observed along grain boundaries in ZrO 2 , at ZrO 2 /ZrO and ZrO/Zr(O) sat interfaces. Fe also segregates to linear features, probably dislocations, which mostly run parallel to the ZrO/Zr(O) sat interface. Fe-decorated dislocations are observed only in the Zr(O) sat layer and in the solid solution near the oxide/metal interface while there are absent in the metal substrate away from interface. The presence of dislocations can be rationalized in terms of local strains induced by the growing oxide that is associated with a significant volume change. Quantitative analysis shows that Fe segregation levels are comparable for both crystal bar Zr and ZrFeCr. Therefore Fe segregation to the metal grain boundaries alone cannot explain the difference in the oxide stability.
Early stages of oxidation
At the initial stage of oxidation, the oxide layers on pure Zr and ZrFeCr are about the same thickness (less than 1 um) (Figure 18 ) with some variations in the oxide thickness from grain to grain. The variation of oxide thickness indicates different oxygen diffusion rate along different crystallographic directions, as discussed in following section. Slight ingress of the oxide front along some grain boundaries in pure Zr was also observed in pure Zr but not in Zr-Fe-Cr alloy (Figure 19) . The slight ingress along grain boundaries in pure Zr further developed into dendrites of oxide penetrating farther into metal grain boundaries after 55 days of oxidation, whereas the oxide/metal interface in ZrFeCr still remains relatively flat. 
Initial oxide growth rate and crystallographic orientation of the metal substrate
The correlation between oxide thickness and the orientation of the metal grain beneath was studied by combining FIB cross sectional imaging for measuring the thickness of the oxide layer and orientation mapping to characterize the orientation of the underlying Zr grains as illustrated in Figure 20 . The orientation dependence of the ZrO 2 oxide thickness for crystal bar Zr, Zircaloy-4, and ZrFeCr were evaluated and shown in Figure 21 . In crystal bar Zr and Zircaloy-4, the oxide thickness appears to increase when advancing along metal grains in which the basal orientation of the grains is more parallel to the oxide/metal interface, while the growth rate in ZrFeCr appears to be independent of orientation. We note that the oxide measured here is only ZrO 2 as the sub-oxides are not visible in the SEM images. The distribution of misorientation angles for the metal grain boundaries both crystal bar Zr and ZrFeCr are given in Figure 22 , where no obvious differences can be observed. This means that both the overall texture and the local grain-to-grain misorientation are similar in the two alloys, so that it is unlikely that the texture difference would play a role in the different oxidation behaviors between crystal bar Zr and ZrFeCr. Therefore the mechanism must be linked to chemistry. The decreasing trend we observed in crystal bar Zr and Zircaloy-4 contradicts prior work [14] , where a lower (instead of higher) oxidation rate was observed on zirconium single crystals oriented with the <0001> direction perpendicular to the oxide/metal interface. This discrepancy has yet to be clarified. The authors also reported a strongly textured oxide film with oxide (002) or (200) planes oriented parallel to the oxide/metal interface regardless of how the metal grains were oriented. Conversely, as described in the coming section, we observed a clear orientation relationship between zirconium metal and the oxide grains. It is possible that in the early stages of oxide growth where strains are not yet significant, the oxide grain orientation distribution is driven by the orientation relationship with the underlying metal. At later stages when the oxide thickness becomes significant, a strong oxide texture may develop driven by strain minimization.
Oxygen ingress along metal grain boundaries
Different Fe and O distributions along grain boundaries in the metal and oxide phases are observed depending on the grain boundaries and seem to correlate with oxide ingress along grain boundaries. Three different cases are illustrated in Figure 23 . In dataset A (crystal bar Zr), the oxygen concentration increases at the grain boundary, from ~20% to ~50%, leading to the formation of the ZrO phase. The Fe segregation along the grain boundary extends from the metal into the oxide. From the SEM image, a vertical crack has formed on the top of the oxide layer, pointing at a direction parallel with grain boundary, accompanied by a steep oxide advance at the grain boundary. In dataset B (crystal bar Zr), the Fe segregation visible along the metal grain boundary is interrupted at the oxide/metal interface. This can be interpreted as either the grain boundary does not extend into the oxide phase or that the boundary does extend but is not decorated by Fe. A crack and faster oxide growth along the grain boundary are also observed, but the crack propagation direction is not along the grain boundary plane and there is no steep oxide advance along the grain boundary. In data J (ZrFeCr), neither faster oxide advance along grain boundary nor crack propagation is evident. The difference between the three datasets indicates that the differences in oxide microstructures or chemistry are more likely to contribute to the faster oxidation along metal grain boundaries and oxide growth instabilities. 
Initial observations on the structure of the ZrO 2 scale
The oxide microstructures at initial stage of oxidation were studied by transmission electron microscopy (TEM) and the results are summarized in Figure 24 . We tilted the metal grains with its [-12-10] zone axis parallel to electron beam and recorded the electron diffraction patterns of both metal grain and oxide layers. An interesting finding is that, even though the oxide layer consists of large numbers of nano-sized grains, the majority of the grains share very similar orientation, producing a spot diffraction pattern. By superimposing the oxide diffraction patterns onto the respective metal grains diffraction patterns, we are able to demonstrate that there is an orientation relationship between zirconium metal and oxide grains. Similar electron diffraction analysis on ZrFeCr alloy exhibits patterns more like ring patterns with a weaker texture than in crystal bar Zr (Figure 25 ).
There have been many attempts to determine the orientation relationship between zirconium metal and zirconium oxide. Some work concluded that there was no specific orientation relationship between -Zr and monoclinic ZrO 2 [14] . Instead, the oxide grains grow along the <001> direction and align their (002) planes parallel to the oxide/metal interface in order to minimize compressive stresses. However, more recent work using electron diffraction pattern and HRTEM suggested that the (10-10) plane of -Zr are parallel to the (111) [15] , (200) or (020) [8] plane of ZrO 2 . Based on our findings, there were no planes in ZrO 2 that perfectly aligned with (10-10) plane of -Zr. However the angle between one set of plane (likely (111)) with the (10-10) plane of -Zr is very small (~5°). 
Summary
We observed an increase in the ZrO 2 oxide thickness as the basal plane of the grains is more parallel to the oxide/metal interface in crystal bar Zr and Zircaloy-4 while the growth rate in ZrFeCr appears to be independent of orientation. Even though the grain structure of the ZrO 2 scale is nano-crystalline, a very strong oxide texture is found on crystal bar Zr compared to the oxide forming on ZrFeCr. The texture is rationalized in terms of a preferred crystallographic orientation between Zr and ZrO 2 .
We hypothesize that interfacial chemistry may play a role on the orientation selection of the new grains nucleating at the Zr or suboxide / ZrO 2 interface.
A great degree of preferential orientation in the oxide layer can contribute to significant amount of stress building up in that layer and in the underlying metal substrate. This may promote cracking and also promote faster oxide growth along metal grain boundaries. In fact, cracks and faster oxide advance along grain boundary seems to correlate with a continuous Fe segregation that extends from metal to oxide. We also hypothesize that differences in the structure and chemistry of the oxide scales are more likely to contribute to the faster oxidation along metal grain boundaries and oxide growth instabilities than the underlying metal microstructure.
Conclusions
In this project, we have used a multi-scaled characterization approach to study the oxidation behavior of zirconium alloys and determine the origins of the wide range of behaviors. We conducted a detailed analysis of the microstructures and chemistry of oxide and suboxide phases, metal/oxide interface, and bulk metal in alloy samples that have different compositions and different corrosion time. The findings are summarized as follows:
 A consistent sequence of sub-oxide phases is observed ahead of the ZrO 2 oxide front, consisting of (i) a thin layer of equiatomic ZrO (occasionally slightly over and under stoichiometric but variation might come from evaporation artifact) (ii) saturated solid solution Zr(O) sat with a constant oxygen concentration consistent with the Zr 2 O stoichiometry, and (iii) a slowly decreasing oxygen profile into the metal.  Fast oxide growth and formation of oxide dendrites along the grain boundary were observed in crystal bar Zr. Fe segregations on grain boundaries in the metal are not likely to be the reason for dendrites formation.
 Clear dependency of oxide grain orientation on the metal grain is observed in crystal bar Zr but not as significant in ZrFeCr, which might cause the stress built-up and crack formation in the oxide layer near grain boundary regions.
However, further work is required to link the effect of oxide microstructures on the faster oxide growth along grain boundaries. This work clearly showed that chemistry of the base metal alone cannot explain the observed oxidation behaviors. The synergy between oxide chemistry (segregation at grain boundaries and oxide interfaces) and oxide texture is also playing a role in promoting fast oxide growth along the grain boundary in crystal bar Zr or stabilizing the ZrO 2 film in ZrFeCr, a role that is yet to be determined. 
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